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Hepatitis B virus (HBV) core protein is a phosphoprotein. Its three major phosphorylation sites have been identified at the
serine residues located at amino acids 157, 164, and 172. In order to investigate the role of core protein phosphorylation in
HBV replication, these three serine residues were mutated to alanine to mimic nonphosphorylated serine or to glutamic acid
to mimic phosphoserine. The nonphosphorylated core protein analog did not package the HBV pregenomic RNA, and the
phosphorylated analog packaged the pregenomic RNA but failed to support viral DNA replication. These results indicate that
the core protein phosphorylation may be important for pregenomic RNA packaging and that its dephosphorylation may be
important for viral DNA replication. The individual roles of these three major phosphorylation sites in HBV replication were
further investigated by being mutated to alanine in different combinations. The results showed that the serine residue at
amino acid 157 was not essential for pregenomic RNA packaging, whereas the serine residues at amino acids 164 and 172
were more important. Furthermore, the serine residue at amino acid 157 was not essential for viral DNA replication or viral
maturation. © 1999 Academic Press
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mINTRODUCTION
Hepatitis B virus (HBV) is a small DNA virus with a
enome size of only 3.2 kb. Its genome encodes four
ifferent genes named C, S, P, and X genes. The C gene
ncodes two related proteins named precore protein and
ore protein. The precore protein is the precursor of the
irculating e antigen found in the sera of HBV patients,
nd the core protein is the viral capsid protein. The S
ene encodes the three different viral envelope proteins
amed surface antigens. The P gene encodes the viral
NA polymerase, which is also a reverse transcriptase,
nd the X gene encodes a transcriptional activator (for
eviews, see Ganem, 1995; Yen, 1993).
The C gene directs the transcription of two mRNAs
amed precore RNA and core RNA, which encode pre-
ore protein and core protein, respectively (for a review,
ee Ou, 1997). After its synthesis, the core protein pack-
ges its own mRNA, which is also known as the pre-
enomic RNA, to form the core particle. The viral DNA
olymerase that is also packaged in the core particle
hen converts the pregenomic RNA to the viral genomic
NA. The replication of viral DNA is essential for the
ore particle to be enveloped to form the mature virion,
hich is secreted from cells (Wei et al., 1996).
The core protein is a phosphoprotein (Machida et al.,
1 To whom correspondence and reprint requests should be ad-
ressed at the Department of Molecular Microbiology and Immunology,o
niversity of Southern California, 2011 Zonal Avenue, HMR401, Los
ngeles, CA 90033. Fax: (323) 442-1721. E-mail: jamesou@hsc.usc.edu.
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342991; Yeh and Ou, 1991). Studies conducted in vitro indi-
ate that the core protein can be phosphorylated by
rotein kinase C (Kann et al., 1997; also unpublished
bservation), the cell cycle-regulated kinase cdc2 (Yeh et
l., 1993), the kinase activity of glyceraldehyde-3-phos-
hate dehydrogenase (Duclos-Vallee et al., 1998), and a
6-kDa serine kinase (Kau and Ting, 1998). However,
hether these are indeed the kinases responsible for the
hosphorylation of the core protein during natural infec-
ion remains to be determined. The three major phos-
horylation sites in the HBV core protein sequence have
een mapped to the serine residues located at amino
cids 157, 164, and 172 near the C-terminus (Liao and Ou,
995). These three serine residues reside in the three
djacent SPRRR repeats and overlap the nuclear local-
zation signal (Yeh et al., 1990; Eckhardt et al., 1991).
The role of the core protein phosphorylation in the life
ycle of HBV remains unclear. Studies conducted with
he distantly related duck hepatitis B virus (DHBV) indi-
ated that the core protein present in the DHBV virion in
he serum was hypophosphorylated and that that
resent in the intracellular core particle was hyperphos-
horylated (Pugh et al., 1989). This observation suggests
hat phosphorylation or dephosphorylation of the core
rotein may play an important role in viral replication. In
his report, we have investigated the possible roles of the
hree major phosphorylation sites of the HBV core pro-
ein in viral replication. Our results indicate that the
onversion of these phosphorylation sites to alanine to
imic dephosphorylation would abolish the packagingf the pregenomic RNA. In contrast, the conversion of
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343ROLE OF PHOSPHORYLATION OF HBV CORE PROTEINhese sites to glutamic acid to mimic phosphorylation
ad no significant effect on the packaging of the pre-
enomic RNA. The phosphorylated analog, however,
as not able to support viral DNA replication. Further
nalysis indicated that the serine residue at amino acid
57 by itself was not essential for pregenomic RNA
ackaging, viral DNA replication, and viral maturation.
RESULTS
ackaging of HBV pregenomic RNA by the
hosphorylated but not the nonphosphorylated analog
f the core protein
To investigate the possible effects of core protein
hosphorylation on the packaging of the pregenomic
NA, an HBV genomic dimer, which contained a mis-
ense mutation in the initiation codon of the core protein
ene, was constructed. As shown in Fig. 1, this mutant,
HBV2-Cmt, could express the precore protein deriva-
ives properly but could not express the core protein.
his genomic mutant was then cotransfected with the
ore protein-expressing plasmid pCMV-CM1 or pCMV-
M2 into Huh7 hepatoma cells for transcomplementa-
ion studies. pCMV-CM1 and pCMV-CM2 expressed the
ore protein mutants CM1 and CM2, respectively. CM1
ontained the serine-to-alanine mutation at the three
ajor phosphorylation sites and mimicked the nonphos-
horylated core protein, and CM2 contained the serine-
o-glutamic acid mutation at the same sites and hence
imicked the phosphorylated core protein (Table 1). The
ontrol pRc/CMV vector and pCMV-C, a plasmid that
xpressed the wild-type core protein, were also used in
he transcomplementation study to serve as controls.
he total cellular RNA and the RNA extracted from the
ore particles were analyzed by primer extension. As
hown in Fig. 2A, the pregenomic RNA, the precore RNA,
nd the core RNA expressed from the cytomegalovirus
FIG. 1. Immunoprecipitation analysis of core and precore proteins
xpressed by the HBV DNA constructs. Huh7 cells grown in a 60-mm
ish were transfected with 10 mg of the following plasmids: pUC-HBV2
lane 1), pUC19 (lane 2), or pHBV-Cmt (lane 3). Cells were labeled with
00 mCi [35S]methionine, lysed 48 h after transfection, and immunopre-
ipitated with rabbit anti-core antibody using our previous procedures
Yeh and Ou, 1991). The protein samples were then analyzed by 12.5%
DS–PAGE. Lane M is the core protein marker, which was synthesized
sing rabbit reticulocyte lysates and labeled with [35S]methionine. The
rrowhead marks the location of the core protein band, and dots mark
he locations of the precore protein derivatives (Ou, 1997).CMV)-derived vector could all be detected when the
e
sotal cellular RNA was analyzed. However, as shown in
ig. 2B, the pregenomic RNA was the predominant RNA
pecies detected in the core particle fraction. This result,
hich showed that the pregenomic RNA was selectively
ackaged, is in agreement with the previous reports
Enders et al., 1987; Nassal et al., 1990). Interestingly,
hile the transcomplementation with the CM1 mutant
educed the amount of pregenomic RNA to an undetect-
ble level (Fig. 2B, lane 4), the transcomplementation
ith the CM2 core protein reduced only slightly the
mount of pregenomic RNA packaged (Fig. 2B, lanes 3
nd 5). This result was not due to different levels of
regenomic RNA expressed, as similar levels of pre-
enomic RNA were expressed by pHBV2-Cmt whether it
as transcomplemented with the wild-type core protein,
M1, or CM2 (Fig. 2A). Nor was this result due to the
ifferential stability of the wild-type core protein, CM1,
nd CM2 in cells, because similar amounts of these
roteins were detected in Western-blot analysis (data not
hown). Thus, the results shown in Fig. 2 indicated that
he conversion of the three major phosphorylation sites,
er-157, Ser-164, and Ser-172, of the core protein to
lanine to mimic dephosphorylation had a significant,
egative effect on pregenomic RNA packaging, while the
onversion of these major phosphorylation sites to glu-
amic acid to mimic phosphorylation had only a marginal
ffect.
ffects of nonphosphorylated and phosphorylated
ore protein analogs on HBV DNA replication
The possible effects of nonphosphorylated and phos-
horylated core protein analogs on the replication of
BV DNA were also analyzed. HBV core particles were
solated from Huh7 cells cotransfected with pHBV2-Cmt
nd one of the following core protein-expressing plas-
ids: pCMV-C, pCMV-CM1, or pCMV-CM2. The wild-type
TABLE 1
Core Protein Constructs and Their Respective Phosphorylation
Site Mutations
Core protein construct Ser-157a Ser-164a Ser-172a
C (wild type) Serine Serine Serine
CM1 Alanine Alanine Alanine
CM2 Glutamate Glutamate Glutamate
CM3 Serine Alanine Alanine
CM4 Alanine Serine Serine
CM5 Alanine Alanine Serine
CM6 Serine Serine Alanine
CM7 Serine Alanine Serine
CM8 Alanine Serine Alanine
a Ser-157, Ser-164, and Ser-172 indicate the serine residues located
t amino acids 157, 164, and 172, respectively. They were mutated to
ither alanine or glutamic acid, depending on the core protein con-
tructs.
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344 LAN ET AL.BV genomic dimer pWTD was also used in the trans-
ection studies to serve as a positive control. The HBV
NA extracted from these core particles was then sub-
ected to Southern-blot analysis. As shown in Fig. 3, the
.2-kb linear genomic DNA could be detected in cells
ransfected with the wild-type HBV genome or with
HBV2-Cmt transcomplemented with pCMV-C, the wild-
ype core protein-expressing plasmid (lanes 1 and 3).
owever, no replicated viral DNA could be detected in
ells when pHBV2-Cmt was transcomplemented with
ither pCMV-CM1 or pCMV-CM2 (lanes 4 and 5). While
he result of the CM1 experiment was expected as CM1
id not package a detectable amount of the pregenomic
NA, the result of the CM2 experiment was interesting
ecause CM2 was able to package the pregenomic RNA
FIG. 2. Primer-extension analysis of the pregenomic RNA expressed
y nonphosphorylated and phosphorylated core protein analogs. (A)
nalysis of the total Huh7 cell RNA. (B) Analysis of the RNA extracted
rom the core particles isolated from Huh7 cells. Lanes 1, cells trans-
ected with the wild-type genome pWTD; lanes 2–5, cells cotransfected
ith pHBV2-Cmt and one of the following plasmids: the control vector
Rc/CMV (lanes 2), pCMV-C that expressed the wild-type core protein
lanes 3), pCMV-CM1 (lanes 4), or pCMV-CM2 (lanes 5). In (A), the
DNA bands of core (pregenomic) RNA, precore RNA, and the core
NA derived from the CMV vector are marked by core, precore, and
ore*, respectively. In (B), the arrowhead denotes the pregenomic RNA
and, and the asterisk marks the location of the core RNA band derived
rom the CMV vector. Since the transcomplementation experiment
educed significantly the viral replication rate, the primer-extension
ample loaded in lane 1 in (B) was one-tenth of the amount of the
amples loaded in the other lanes. M, molecular weight markers.ith only slightly reduced efficiency. Thus, the results
a
rhown in Fig. 3 suggest a role for core protein dephos-
horylation in HBV DNA replication.
ndividual roles of Ser-157, Ser-164, and Ser-172 of
he core protein in pregenomic RNA packaging
To investigate the individual roles of Ser-157, Ser-164,
nd Ser-172 of the core protein in the packaging of the
regenomic RNA, another set of transcomplementation
xperiments was conducted. In this set of studies, Ser-
57, Ser-164, and Ser-172 of the core protein were con-
erted to alanine in different combinations. The plasmids
hat expressed these core protein mutants were individ-
ally cotransfected with pHBV2-Cmt into Huh7 cells.
imilar to the experiments shown in Fig. 2, both the
ellular RNA and the RNA associated with core particles
ere analyzed. As shown in Fig. 4A, similar levels of the
regenomic RNA were expressed in cells by pHBV2-Cmt
n different transcomplementation experiments. How-
ver, when the pregenomic RNA packaged in core par-
icles was analyzed, different amounts of the pregenomic
NA were detected (Fig. 4B). The difference in packaging
fficiency was not due to the differential stability of the
ore protein mutants, as these proteins had similar sta-
ility in cells (Liao and Ou, 1995). The core protein mutant
M4, which contained Ala-157, Ser-164, and Ser-172 (Ta-
le 1), packaged the pregenomic RNA with efficiency
imilar to that of the wild-type core protein. This result
ndicates that Ser-157 of the core protein is not essential
FIG. 3. Effects of nonphosphorylated and phosphorylated core pro-
ein analogs of the HBV core protein on viral DNA replication. Core
articles were isolated from Huh7 cells 48 h after transfection (see
aterials and Methods for experimental details). The genomic DNA
as then extracted from core particles and analyzed by Southern blot.
ane 1, cells transfected with pWTD; lanes 2–5, cells transfected with
HBV2-Cmt and one of the following core protein-expressing plasmids:
Rc/CMV vector (lane 2), the pCMV-C that expressed the wild-type core
rotein (lane 3), pCMV-CM1 (lane 4), or pCMV-CM2 (lane 5). The
ocation of the 3.2-kb linear HBV genome is indicated (also see Fig. 5).
ote that the relaxed circular (RC) form of the HBV DNA in this
articular assay was not detected. The reason for this is unclear. It may
e because the RC DNA packaged in the core particles was sensitive
o nucleases used for the purification of the viral DNA (see Materials
nd Methods for details). Similar results were observed in previouseports (Bchini et al., 1990; Lamberts et al., 1993).
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345ROLE OF PHOSPHORYLATION OF HBV CORE PROTEINor packaging the pregenomic RNA. For the rest of the
ore protein mutants, there was a positive correlation
etween the number of phosphorylation sites retained
nd the efficiency of pregenomic RNA packaging. CM3,
M5, and CM8, which contained two serine-to-alanine
utations and hence retained only one phosphorylation
ite (Table 1), packaged little pregenomic RNA. CM6 and
M7, which both contained a single serine-to-alanine
utation and hence retained two phosphorylation sites,
ackaged a small but yet detectable amount of the pre-
enomic RNA.
ndividual roles of Ser-157, Ser-164, and Ser-172 of
he HBV core protein in viral DNA replication
In order to analyze the individual roles of Ser-157,
er-164, and Ser-172 of the core protein in HBV DNA
eplication, Huh7 cells were again cotransfected with
HBV2-Cmt and one of the core protein-expressing plas-
ids. As shown in Fig. 5, CM4 was the only core protein
utant that could produce a detectable level of viral
NA. As this mutant contained the Ala-157, Ser-164, and
FIG. 4. Effects of individual phosphorylation sites in the HBV core
rotein on pregenomic RNA packaging. (A) Primer extension of the total
ellular RNA. (B) Primer extension of the pregenomic RNA extracted
rom core particles. All of the cells were cotransfected with pHBV2-Cmt
nd the plasmid that expressed one of the following core proteins: the
ild-type core protein (lanes 1), CM3 (lanes 2), CM4 (lanes 3), CM5
lanes 4), CM6 (lanes 5), CM7 (lanes 6), and CM8 (lanes 7). In (A), the
DNA bands derived from the core (pregenomic) RNA, the precore
NA, and the core RNA expressed by the CMV vector are marked with
ore, precore, and core*, respectively. In (B), the arrowhead denotes
he pregenomic RNA band, and the asterisk marks the location of the
ore RNA derived from the CMV vector. M, molecular weight markers.er-172 sequence, this result indicates that Ser-157 is
a
aot essential for viral DNA replication. Neither CM6 nor
M7, which could package a small amount of pre-
enomic RNA (Fig. 4), produced a detectable level of the
iral DNA. Since CM6 and CM7 contained only one
erine-to-alanine mutation at Ser-172 and Ser-164, re-
pectively (Table 1), this result indicates that both Ser-
64 and Ser-172 are critical for HBV DNA replication.
he role of Ser-157 of the HBV core protein in viral
aturation
Previous studies indicate that the HBV DNA replication
n the core particle precedes the envelopment of the core
article and the release of the mature virion from cells
Wei et al., 1996). As CM4, which contained the alanine
utation at Ser-157, could package the pregenomic RNA
nd support viral DNA replication, it may also be able to
upport the envelopment and the release of mature viral
articles from Huh7 cells. This possibility was investi-
ated. Due to the small amount of mature viral particles
roduced in our transcomplementation studies, we de-
ided to perform the sensitive PCR assay to analyze the
BV virion DNA released from cells. The incubation
edia of Huh7 cells that had been cotransfected with
HBV2-Cmt and various core protein-expressing plas-
ids were harvested and used for PCR analysis. As
hown in Fig. 6, the 607-bp PCR product could be de-
ected only when pHBV2-Cmt was transcomplemented
ith the plasmid that expressed the wild-type core pro-
ein or the CM4 core protein mutant. This result indicates
hat the mutation of Ser-157 to alanine did not prevent the
elease of mature HBV virions from Huh7 cells.
DISCUSSION
The HBV core protein is a phosphoprotein. However,
he role of core protein phosphorylation in HBV replica-
FIG. 5. Effects of individual phosphorylation sits in the HBV core
rotein on viral DNA replication. As described in the legend to Fig. 3,
he replicated HBV DNA was extracted from core particles and ana-
yzed by Southern blot. All of the cells were transfected with pHBV2-
mt and the plasmid that expressed one of the following core proteins:
ild-type core protein (lane 1), CM1 (lane 2), CM3 (lane 3), CM4 (lane
), CM5 (lane 5), CM6 (lane 6), CM7 (lane 7), and CM8 (lane 8). A small
mount of a linearized 3.2-kb HBV DNA was included in lane M to serve
s a marker.
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346 LAN ET AL.ion was unclear. We have previously identified the major
ore protein phosphorylation sites at Ser-157, Ser-164,
nd Ser-172 (Liao and Ou, 1995). This allowed us to
nvestigate the possible roles of these phosphorylation
ites in viral replication. Our results indicated that the
utation of these three phosphorylation sites to alanine
o mimic dephosphorylation would abolish the pre-
enomic RNA packaging, whereas the mutation of these
hree phosphorylation sites to glutamic acid to mimic
hosphorylation had only a slight effect (Fig. 2). Interest-
ngly, although the phosphorylated analog of the core
rotein (i.e., the CM2 mutant) could package the pre-
enomic RNA, it was not able to support viral DNA
eplication (Fig. 3). These results indicate that, while the
ore protein phosphorylation may be important for pre-
enomic RNA packaging, its dephosphorylation may be
mportant for viral DNA replication. By performing assem-
ly assays using the core protein expressed in Esche-
ichia coli, Kann and Gerlich (1994) reported that the core
rotein phosphorylation was a late event in viral morpho-
enesis. Our results do not agree with theirs. This dis-
repancy may be caused by the absence of the HBV
NA polymerase in the in vitro assembly system used by
ann and Gerlich. The HBV polymerase is required for
he proper packaging of the pregenomic RNA (Barten-
chlager et al., 1990; Pollack and Ganem, 1994), and its
bsence might have affected the in vitro results ob-
erved by Kann and Gerlich.
We have further analyzed the individual roles of Ser-
57, Ser-164, and Ser-172 of the core protein in the
ackaging of the pregenomic RNA by using core protein
utants that contained different combinations of the
FIG. 6. PCR analysis of the secreted HBV virion. Details of the
xperimental procedures are described under Materials and Methods.
uh7 cells were transfected with pHBV-Cmt and the plasmid that
xpressed one of the following core proteins: the wild-type core protein
lane 1), the control pRc/CMV vector (lane 2), CM1 (lane 3), CM2 (lane
), CM3 (lane 5), CM4 (lane 6), CM5 (lane 7), CM6 (lane 8), CM7 (lane
), and CM8 (lane 10). M indicates the molecular weight markers which
nclude both the HindIII-digested l DNA and the HaeIII-digested fx174
NA. The arrowhead marks the location of the 607-bp PCR product.
he identity of the PCR product was verified by Southern-blot analysis
sing an HBV DNA probe containing the X protein coding sequence.erine-to-alanine mutation at these three sites. CM4, which had the Ala-157, Ser-164, and Ser-172 sequence,
ackaged the pregenomic RNA with the same efficiency
s the wild-type core protein. Thus, Ser-157 is not es-
ential for the packaging of the pregenomic RNA. CM6
nd CM7, which had a single serine-to-alanine mutation
t either Ser-164 or Ser-172, packaged the pregenomic
NA with a reduced efficiency, and CM3, CM5, and CM8,
hich had two serine-to-alanine mutations, packaged
ittle pregenomic RNA. These results indicate that there
s a positive correlation between the number of serine
esidues retained, presumably for phosphorylation, and
he efficiency of pregenomic RNA packaging. Note that
ome of the core protein mutants (e.g., CM6 and CM7)
ppeared to lose the selectivity for the pregenomic RNA
nd preferentially package the core mRNA derived from
he CMV-expressing vector (Fig. 4B).
We have also analyzed the individual roles of Ser-157,
er-164, and Ser-172 of the core protein in HBV DNA
eplication. CM4, which contained only the serine-to-
lanine mutation at Ser-157, could support viral DNA
eplication (Fig. 5). In contrast, CM6 and CM7, which
ontained the serine-to-alanine mutation at Ser-172 and
er-164, respectively, could package some viral pre-
enomic RNA but could not produce a detectable level of
iral DNA (Fig. 5). These results indicate that Ser-157 is
ot essential for HBV DNA replication while both Ser-164
nd Ser-172 are critical. This finding is interesting, as
hese three serine residues served as the phosphoryla-
ion acceptor sites with the same efficiency in Huh7 cells
Liao and Ou, 1995).
As mentioned above, CM2, the phosphorylated analog
f the core protein, could not support viral DNA replica-
ion. Therefore, dephosphorylation of the core protein is
ikely required for viral DNA replication. This may be due
o the need of the hydroxyl group of the serine residues,
ecause CM6 and CM7, which contained one serine-to-
lanine mutation at either Ser-164 or Ser-172, could not
upport HBV DNA replication despite their ability to
ackage the pregenomic RNA. When the serine residue
s not phosphorylated, its free hydroxyl group in the SPXX
equence can form a b-turn structure for DNA binding
Suzuki, 1989). Since both Ser-164 and Ser-172 are in the
PRRR repeats, the b-turn structures formed by them
ay be important for the interaction with the viral DNA to
acilitate DNA replication.
The mutation of Ser-157 to alanine (i.e., the CM4 mu-
ant) not only did not prevent pregenomic RNA packaging
nd viral DNA replication, it also did not prevent the
elease of the virion from cells (Fig. 6). Yu and Summers
1994) demonstrated that one of the four major phosphor-
lation sites in the DHBV core protein was important for
he initiation of infection and two others were needed for
he synthesis of the covalently closed circular DNA for
iral mRNA transcription. It is conceivable that Ser-157,
hich is highly conserved among mammalian hepadna-
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347ROLE OF PHOSPHORYLATION OF HBV CORE PROTEINiruses (Yeh et al., 1990), plays an important role in the
arly stage of HBV infection.
In conclusion, in this report we demonstrated the pos-
ible importance of core protein phosphorylation in pre-
enomic RNA packaging and dephosphorylation in viral
NA replication. We also found that Ser-157 of the core
rotein was not essential for pregenomic RNA packaging
nless either Ser-164 or Ser-172 was also mutated to
lanine. While Ser-164 and Ser-172 are both critical for
iral DNA synthesis, Ser-157 is not essential for viral
NA replication and virion release from cells.
MATERIALS AND METHODS
ell lines and DNA plasmids
Huh7 cells, a well-differentiated human hepatoma cell
ine, were used for transfection studies. This cell line
as maintained in Dulbecco’s modified Eagle’s medium
ontaining 10% fetal bovine serum. The construction of
WTD, a plasmid that contains the head-to-tail dimer of
he HBV DNA genome of the adw2 subtype, has been
reviously described (Buckwold et al., 1996). pHBV2-Cmt
as identical to pWTD, except that the initiation codon of
he core protein coding sequence had been mutated
rom ATG to GCG. Thus, pHBV2-Cmt was an HBV
enomic mutant that could not produce the core protein.
he construction of pCMV-C, pCMV-CM1, pCMV-CM3,
CMV-CM4, pCMV-CM5, pCMV-CM6, pCMV-CM7, and
CMV-CM8 has been previously described (Liao and Ou,
995). pCMV-C contained the wild-type core protein se-
uence, and the rest of the DNA plasmids contained the
ore protein sequence with different combinations of the
erine-to-alanine mutation at amino acids 157, 164, and
72 (see Table 1). The expression of the core protein
equences in these DNA plasmids was under the control
f the immediate early promoter of the CMV. The parental
ector used for constructing the core protein-expressing
lasmids was pRc/CMV (Invitrogen). In the DNA plasmid
CMV-CM2, amino acids 157, 164, and 172 were all
utated from serine to glutamic acid to mimic phospho-
erine. This plasmid was constructed by the same pro-
edures used to construct the other core protein plas-
ids, except that in the CM2 case, the oligonucleotide
hich contained the sequence 59CCGAGATTGAGATCT-
CTGCGACGCGGCTCTTGAGACCTGCGTCTGCGAG-
CTCGGGACTTCTTCTTCTAGGTTCCCTGCCTCGGTC39
as used as the downstream primer for the polymerase
hain reaction (PCR). The mutations created were con-
irmed by nucleotide sequencing.
NA transfection and the analysis of viral RNA
For transcomplementation studies, 70–80% confluent
uh7 cells in a 10-cm petri dish were cotransfected with
0 mg pHBV2-Cmt and 10 mg core protein-expressing
lasmid. Forty-eight hours after transfection, cells were Xysed. The viral RNA was extracted with RNAzol (Tel-Test,
nc.) following the manufacturer’s procedures. The
NA was then used for primer extension. Details of the
rimer-extension procedures have been previously de-
cribed (Li et al., 1999). For analysis of the pregenomic
NA packaged in core particles, cells were rinsed twice
ith TBS (10 mM Tris–HCl, pH 7.0, 150 mM NaCl) and
ysed with 1 ml TBS containing 0.1% Nonidet-P40 (NP-40).
fter a brief centrifugation in a microcentrifuge to remove
he nuclei, MgCl2 and CaCl2 were added to the cytoplas-
ic lysates to final concentrations of 10 and 5 mM,
espectively. The cytoplasmic lysates were then treated
ith 10 mg DNase I (Boehringer Mannheim) and 1 unit
icrococcal nuclease (Boehringer Mannheim) at 37°C
or 1 h. Core particles were pelleted by ultracentrifuga-
ion in a Beckman SW55Ti rotor at 50,000 rpm for 1 h and
hen resuspended in 0.5 ml RNAzol for the extraction of
he pregenomic RNA. The RNA thus extracted was used
or primer extension.
nalysis of HBV DNA replicative intermediate (RI)
For the analysis of the HBV RI DNA, cells transfected
ith the DNA plasmids were lysed with TBS containing
.1% NP-40 and treated with DNase I and micrococcal
uclease as described above. The nuclease reaction
as stopped with 20 mM EDTA, 1% sodium dodecyl
ulfate, and 200 mg proteinase K, and the sample was
urther incubated at 37°C for 2 h. The RI DNA was
solated by extraction with phenol and chloroform and
nalyzed by Southern blot using a purified 3.2-kb HBV
enomic DNA fragment as the probe.
CR analysis of the HBV virion DNA
The incubation media of cells were harvested 48 h
fter transfection. A 10-ml aliquot was mixed with 90 ml 10
M Tris–HCl, pH 7.5, containing 10 mM MgCl2, 10 mM
aCl2, 5 units micrococcal nuclease, and 10 mg DNase I
nd incubated at 37°C for 30 min to remove any contam-
nating HBV DNA. The nuclease reaction was stopped by
he addition of 10 ml 0.5 M EDTA, 6 ml 10% SDS, 10 mg
east tRNA carrier, and 50 mg proteinase K. Alternatively,
1-ml aliquot of the medium was treated with the nucle-
ses followed by immunoprecipitation with the anti-HB-
Ag antibody and the treatment with the proteinase K.
fter an incubation at 60°C for 2 h, the virion DNA was
xtracted with phenol and chloroform, ethanol precipi-
ated twice, and resuspended in 10 ml TE (10 mM Tris–
Cl, pH 7.5, 1 mM EDTA). The PCR was carried out using
he Taq polymerase (Life Technologies) following the
anufacturer’s procedures. The sense primer used was
9TCTGTGCCAAGTGTTTGCTGA39, and the antisense
rimer used was 59CTAATACAAAGACCTTTAACCTA-
TCTC39. The PCR product, which contained most of the
protein coding sequence, was 607 bp in length.
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